Severe haze hovered over large areas of China in January 2013 right after the public release of PM 2.5 data of major cities in China at the very first time. This historical severe haze emerged over the northern China with monthly average concentrations of PM 2.5 , SO 2 , and NO 2 exceeding 225, 200, and 80 µg m 4 increased ∼ 3 folds in the fog days compared to the non-fog days. Aerosol in fog days was much more acidic than that in non-fog days. The in situ 20 aerosol pH ranged from −0.78 to 0.14 in fog days based on the E-AIM model simulation. Bisulfate (HSO 2− 4 ) accounted for 52 % of the total sulfate and free hydrogen ion (H + Aq ) accounted for 27 % of the total acids in average. Enhanced coal combustion during the winter heating season along with traffic and industrial emissions were recognized to be the major causes for this severe haze. Fog processing was found to be 25 the major pathway of producing extremely high yields of secondary inorganic aerosol and impacting the neutralization process (i.e. aerosol acidity) in this study.
concentration of Beijing in January 2013 reached record high (only slightly lower than 2006) compared to historical data from [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] , but with the largest daily fluctuation. Anomalous meteorological conditions in 2013 compared to the mean climatology from 2007-2012 were especially favorable for the formation of haze, such as higher humidity, lower temperature, lower PBL height, lower wind speed, and the high frequency 10 of fog occurrences. The field campaign in Beijing showed an extremely high PM 2.5 average concentration of 299.2±79.1 µg m −3 with extremely low visibility of 0.92±0.82 km during an episode of high relative humidity with fog events. High AOD (Aerosol Optical Depth) was observed during fog days but with relatively low Angstrom exponent (< 1.0), suggesting the modification of fog processing on the particle size. Major aerosol chem-physico-chemical properties (Tao et al., 2012) . The formation of haze is closely related to the meteorological conditions and the concentration of atmospheric pollutants (Chow et al., 2002; Zhao et al., 2013) . Aircraft measurement in North China revealed that the highly efficient coating of dust particles by pollution acids could provide predominant source of cloud condensation nuclei, forming widespread haze -clouds over China 25 (Ma et al., 2010) . The cost to health of residents caused by air pollution in Beijing was estimated to account for 6.55 % of its GDP (gross domestic product) (Zhang et al., 2007a) .
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | During January 2013, an unprecedented air pollution shrouded over the northeastern China. The hourly PM 2.5 levels in many cities were even off-the-scale beyond the upper limits of the Air Quality Index (Wong, 2013) . In Beijing, many residents rushed to buy face masks and air purifiers. The number of patients with respiratory problems had increased sharply during this period, while many airports were shut down and most of 5 the flights were canceled due to the extremely low visibility (http://www.theguardian. com/world/2013/feb/16/chinese-struggle-through-airpocalypse-smog). Since China released its nationwide PM 2.5 observation data from 1 January 2013 at the first time, this unprecedented air pollution right after this act had attracted tremendous attentions from both domestic and abroad. Various media had reported this breaking news 10 and China's air pollution issues have been raised to a nationwide attention. Zhang et al. (2014) compared the meteorology over East China in January 2013 with historical data using the NCEP reanalysis products. Anomalous meteorology was found for this persistent severe fog and haze, explaining about 2/3 of the variance of daily visibility evolution. In Beijing, the Plam index (based on wind speed/direction, relative 15 humidity, temperature, evaporability, and stability) reached very high values, far exceeding those in the relative clean days (Zhang et al., 2013a) . Within the framework of the CARE-China network, Wang et al. (2014a) identified this widespread haze pollution in the Beijing-Tianjing-Heibei area. The unusual atmospheric circulation was found very unfavorable for the cleanup of the air pollution and two stages of aerosol growth were 20 revealed, i.e. the "explosive growth" and "sustained growth". Zhang et al. (2013b) reported the chemical composition and conducted source apportionment of PM 1 in Beijing during January 2013 using an Aerodyne High-Resolution Time-of-Flight Aerosol Mass Spectrometer (AMS). Model simulation indicated that regional transport played an important role in the formation of regional haze over the Beijing-Tianjin-Heibei area 25 (Wang et al., 2014b , and consideration of the two-way feedback between meteorology and atmospheric chemistry could greatly improve the model performance and this effect contributed as large as 30 % of the monthly average PM 2.5 concentrations (Wang et al., 2014b) . In this study, the anomalous meteorological conditions were examined by using nationwide ground-based meteorology data in January 2013, different from previous study using the reanalysis data. A special attention was paid to the high frequency of fog days accompanied with high relative humidity. The formation mechanism of this extremely severe haze in regard of aerosol chemistry was explicitly illustrated based on the field 5 measurement during the first half of January 2013. Especially, the role of fog processing in contributing to the high yields of secondary aerosol formation was revealed. The aqueous-phase processing was found to be a major pathway of determining the neutralization process, aerosol acidity and existence form of acidic species.
Methodology
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Observation site and field sampling
The observation site in Beijing was set up on the roof of a 20 m-tall teaching building on campus of Beijing University of Technology. It is located between the 3rd and 4th ring roads of Beijing. This site is situated in an area of mixed emissions such as residential, traffic, construction, and industrial sources. PM 2.5 aerosol sam- ) and four organic acids (formic, acetic, oxalic, and methyl-5 sulfonic acid, MSA) were analyzed by Ion Chromatography (ICS 3000, Dionex), which consisted of a separation column (Dionex Ionpac AS 11), a guard column (Dionex Ionpac AG 11), a self-regenerating suppressed conductivity detector (Dionex Ionpac ED50) and a gradient pump (Dionex Ionpac GP50). The detail procedures were given elsewhere (Yuan et al., 2003) . 
Element analysis
Half of each sample and blank filter was digested at 170
• C for 4 h in high-pressure Teflon digestion vessel with 3 mL concentrated HNO 3 , 1 mL concentrated HClO 4 , and 1 mL concentrated HF. After cooling, the solutions were dried, and then diluted to 10 mL with distilled deionized water. Total 24 elements (Al, Fe, Mn, Mg, Mo, Ti, Sc, Na, Ba, 15 Sr, Sb, Ca, Co, Ni, Cu, Ge, Pb, P, K, Zn, Cd, V, S, and As) were measured by using an inductively coupled plasma atomic emission spectroscopy (ICP-OES; SPECTRO, Germany). The detailed analytical procedures were given elsewhere (Zhuang et al., 2001 ).
Supplementary datasets 20
Meteorology data
The meteorology and visibility data over the whole China used in this study is from the Global Summary of Day (GSOD) database distributed by the US National Climatic Data Center (NCDC). Over 8000 stations' data in the whole world are available and 7522 are made accessible through http://www.ncdc.noaa.gov/. A total of 12 surface meteorological parameters derived from the hourly observations are available in the GSOD database. Also, information about the occurrence of fog, rain, snow, hail, thunder, and tornado/funnel clouds are included. An extensive automated quality control was applied to correctly "decode" as much of the synoptic data as possible and to eliminate 5 random errors found in the original data (Lott, 2004; Smith et al., 2011) .
China API and AQI data
Before 2013, API (Air Pollution Index) was the official data released by the Ministry of Environment Protection of China (MEP) (http://datacenter.mep.gov.cn/) for routinely reporting the air quality. The calculation of API was based on five air pollutants, i.e.
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SO 2 , NO 2 , PM 10 , CO, and O 3 , and was reported on a daily basis. Note that PM 2.5 was not included as part of API. Each pollutant was assigned an individual score according to their concentrations and the final API reported was as the highest of those 5 scores. API could be converted to the mass concentrations using the following formula:
where C is the concentration and I is the API value. I high and I low , the two values most approaching to value I in the API grading limited value table, stand for the value higher and lower one than I, respectively; C high and C low represent the concentrations corresponding to I high and I low , respectively. The values in different grades could be found in 20 (Qu et al., 2010) . In this study, the historical data of particulate matter (PM 10 ) in Beijing were derived from API. In February 2012, MEP released the official (trial) revisions to its air quality standards and made AQI (Air Quality Index) as the standard of air pollution level, which was a notable shift from its previous form as API. Specially, PM 2.5 was included as part 
AERONET
Aerosol optical properties in Beijing were retrieved from the Aerosol Robotic Network (AERONET, http://aeronet.gsfc.nasa.gov/) performed by a Cimel CE-318 sun photometer (Holben et al., 1998) . The bandwidth of each channel is 10 nm. Various parameters of aerosol optical properties were retrieved at 440 nm, 670 nm, 870 nm, and 5 1020 nm. Aerosol size distribution, refractive index, and single-scattering albedo can be retrieved by using sky radiance almucantar measurements and direct sun measurements (Dubovik and King, 2000) . The level 2.0 cloud-screened data with qualityassured were used in this study.
E-AIM model
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The Extended Aerosol Thermodynamics Model (E-AIM) is an online tool (http://www. aim.env.uea.ac.uk/aim/aim.php) for calculating gas/liquid/solid partitioning in aerosol systems. The latest version is Model IV which considers a H
2 O system and allows variable temperature. Details of the model are given elsewhere (Clegg et al., 1998; Friese and Ebel, 2010) . This model depends on the pres-
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ence of an aqueous phase in thermodynamic equilibrium. If the ambient relative humidity (RH) is higher than the deliquescence RH of the solid phase, the particles are assumed to exist in the aqueous solution. If RH is lower than the deliquescence RH, particles will crystallize without any liquid water content. To run the E-AIM model, the molar concentrations of SO 2− 4 , NO were not considered for the ionic charge balance, while K + was considered in a more recent study in Hong Kong (Xue et al., 2011) . Different from the above studies, in which those mineral ions only contributed a minor fraction in the total water soluble ions, aerosol over Beijing was frequently influenced by the mineral dust originated from the arid and semi-arid regions, such as Inner-Mongolia and the Loess 5 Plateau (Wang et al., 2005; Huang et al., 2010a, b by using the following equation (Xue et al., 2011; : (Itahashi et al., 2012) . Consistently, an increasing 10 trend of AOD from both observation and simulation was also found during this period (Itahashi et al., 2012 was ∼ 40 % lower than that of 2006. AOD is a measure of column particle loadings and less impacted by the height of planetary boundary layer (PBL), thus a better indicator of emission than surface concentration. This meant that even more intense emissions of air pollutants had ever occurred in Beijing before, while the 2013 January heavy pollution was actually the second intense in Beijing's history based on the available 5 long-term measurement data. However, the 2013 haze gained much more wide attentions from both domestic and abroad due to that China made its PM 2.5 data (along with some other air pollutants) public at the first time since the beginning of 2013. The "inconsistence" between surface particle concentration and AOD in 2013 probably indicated that other factors such as meteorological conditions played an important role 10 in altering the relationship between surface and column loadings. Figure 2 illustrates how severe the air pollution had emerged in northeastern China during this study period. The spatial distributions of the mean concentrations of PM 2.5 , SO 2 , and NO 2 in January 2013 at 74 Chinese cities are plotted. Figure 2a illustrates the highest concentrations of PM 2.5 over the Beijing-Tianjin-Hebei region (highlighted 15 by the black rectangle in Fig. 2a ) with monthly average of more than 225 µg m −3 . It was reported that the hourly PM 2.5 concentrations even reached about 900 µg m −3 during some episodes (Clean-Air-Asia, 2013). This off-the-charts level of PM 2.5 could be considered as "crazy bad" and an air quality disaster for human health. Although Eastern China encountered lighter PM 2.5 pollutions in this period, however, most cities located 20 in this area still reached monthly mean PM 2.5 concentrations of up to 150 µg m −3 . The spatial distribution of SO 2 ( Fig. 2b ) was as similar as that of PM 2.5 to a certain degree. However, the high-low zones of SO 2 were more distinguished than PM 2.5 and well separated by the heating supply line indicated by the dashed line in Fig. 2b . In northern China, the heating period lasted for the whole winter, resulting in enhanced coal con-sumption from thermal power plants and residential usage, while there were almost no heating facilities in southern China. Thus, this could explain the extremely high SO 2 concentrations of more than 200 µg m −3 around the Beijing-Tianjin-Hebei region. As for NO 2 (Fig. 2c ), its high concentrations were not only observed in northern China but 7527 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | also over a considerable amount of cities in eastern China, and also several individual cities in southern China, e.g. Guangzhou and Xiamen. Vehicle emission is a significant contributor to NO 2 . The spatial distribution of NO 2 in this study corresponded similarly to the economic capacities at the city scale. Figure 2d finally shows the spatial distribution of the ratio of SO 2 /NO 2 , which could be used to assess the relatively importance 5 of SO 2 and NO 2 emission in different regions. Obviously, cities with SO 2 /NO 2 ratios larger than the unity (1.0) mainly distributed in northern China, suggesting the important role of winter heating on the enhanced SO 2 emission. SO 2 /NO 2 ratios showed values lower than 1.0 in most of the southern cities, indicating a less contribution from coal combustion and a more important role of vehicle emission in south China during 10 the study period.
Impact of abnormal meteorological conditions on air pollution
Meteorological conditions are important factors affecting the level of air pollution. We compared the major meteorological parameters in January 2013 to the same period in previous years. matology during previous years, distinct differences were found in 2013. The RH was enhanced most of more than 20 % over the northern China. Normally, the RH in northern China in winter was typically below 45 % (Lu and Hu, 2012) . Given an increase of 20 % RH, more pollutant precursors could be dissolved into the aqueous phase and the hygroscopic aerosol species would become more deliquescent, hence inducing 25 stronger light extinction. Wind speed was found to have nationwide decreases except at a few limited sites (Fig. 3b) . Based on the NCEP reanalysis data, an abnormally weak East Asian winter monsoon in January 2013 was present due to the abnormal 7528 low over mainland China while an abnormal high from the ocean to the coast. Weakening of wind velocity occurred at all levels of the troposphere ern China all showed increased temperature compared to the previous years, while the major regions of northeastern China showed decreased temperature of about 1 • C, which could result in contrasting impacts on the air pollution. The lower temperature did not favor the atmospheric processing on one hand, while it favored the partitioning of ammonium salts and semi-volatile species into the particulate phase on the other hand.
Also, the lower temperature could induce the formation of temperature inversion layer due to less solar heat reaching the ground. As a result, the regions where showed temperature decreases also corresponded to the decreases of PBLH as shown in Fig. 3d . It was found that the temperature anomaly increased with height below 850 hPa, causing strong anomalous inversion . PBLH of the North China Plain had 15 a significant decrease of 100-200 m, which accounted for about 40 % of the average PBLH in previous years. This dramatic decrease of PBLH would surely slow down the atmospheric convection and exacerbate the air pollution especially at the surface level. Figure 3e and f shows the number of fog days and the total amount of precipitation during January 2013, respectively. The information of fog occurrence was obtained from 20 the NCDC ground-based meteorology observations. Considerable precipitation mainly occurred below 35
• N, covering most areas of southern China, while in the other regions the monthly total precipitation amounts were less than 5 mm. The negligible wet scavenging process in the North China Plain could be another possible factor contributing to the extreme pollution. The spatial distribution of fog days generally was as similar China Plain in this period was unexpectedly higher than normal, which satisfied the prerequisite for fog formation that the water content should be abundant in the atmosphere. In addition, the anomalous southerly winds over eastern China favored the transport of more water vapor during this period . Thus, fog could be more easily formed under this abnormal weather conditions. Also, wind speed was visibility in January 2013 reached more than 2 km compared to previous years over a majority of cities in the North China Plain and eastern China as shown in Fig. 3g . Although values of ∆PM 2.5 were not available due to lack of nationwide PM 2.5 data before 2013, it is still valuable to compare the spatial distribution of ∆Vis (Fig. 3g) and that of PM 2.5 (Fig. 2a) . The comparison showed a similarity between these two plots,
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indicating the high concentrations of fine particles did intensively impair the visibility over large areas of China compared to the previous years. To qualitatively determine the priority meteorological parameter influencing this large scale air pollution, correlations between ∆Vis and three meteorological parameters (∆RH, ∆WS, and ∆Temp) at all NCDC sites are compared (Fig. S1 ). The most significant correlation was found 20 between ∆RH and ∆Vis (negative correlation) with a correlation coefficient of 0.60, suggesting the variation of RH was the most important factor influencing the visibility and the aerosol concentration. ∆Temp showed slightly positive correlation with ∆Vis (R = 0.30). While for wind speed, almost no correlation was found. In the discussion below, we will focus on the impact of humidity on this severe air pollution. 
Severe air pollution of a typical megacity in northern China
Time series of aerosol concentration, AOD and meteorology
A half-month field measurement was conducted in Beijing, the capital city of China located in the North China Plain. Figure 4b shows the daily concentrations of PM 2.5 from filter sampling and AOD (500 nm) with Angstrom exponent (470-880 nm) from the 5 Beijing AERONET site during 1-15 January 2013. The major meteorological parameters are shown in Fig. 4a . January 1-3 were the cleanest days during the whole study period with PM 2.5 concentration of 36.1 ± 2.67 µg m −3 in average and visibility of up to 11.8 km at most times (note that threshold of visibility reported from the weather station was 11.8 km). It was found that the winds during this period dominantly came from 10 the northwest with high speeds of 5.7 ± 2.9 m s −1 . At the same time, relative humidity stayed at low values of (26.6 ± 16.3) % without normal diurnal cycles as compared to the other days, i.e. lower RH around noon and higher RH during night. This clearly indicated a cold front induced by the Siberian high pressure system with air masses typically cold, dry, and relatively clean. After the cold front passed, wind speed obvi-
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ously slowed down and the relative humidity returned back to a normal diurnal cycle. Daily PM 2.5 concentrations started to climb up and exceeded over 100 µg m −3 on 6 and 7 January. Afterwards, PM 2.5 concentrations decreased on the following two days and a similar cold front occurred but with a shorter duration than the first one. Following this relatively clean episode, a consecutive four days severe pollution episode lasted from should be partly responsible for this as shown in Fig. 4a . Also, it was found a low pressure field dominated during this period with the formation of inversion layer (Wang et al., 2014a) . The vertical difference of pseudo-equivalent potential temperature be-
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tween 850 and 1000 hPa showed low values during this period . Especially, it was noted that fog occurred every day since January 10 and lasted five days as shown in Fig. 4 . The duration of each fog episode lasted about 15 to 24 h. The low wind speeds helped to develop these long lasting fog events. Correspondingly, relative humidity reached the highest values of (77.7 ± 13.4) % during the whole study period. This high RH level with frequent fog occurrences should exert great impacts on the aerosol formation, which could partly explain the extremely impaired visibility shown in 5 Fig. 4a . The measurement of aerosol optical properties from AERONET could possibly shed some light on the impact from high RH. As shown in Fig. 4b , from 6-10 January, AOD varied in a relatively consistent way with surface PM 2.5 . The ratio of AOD vs. PM 2.5 ranged from 2 to 4 mg −1 m −3 . On 11 and 14 January, when fog events occurred, the ratios of AOD/PM 2.5 were much more elevated to around 6 and 8 mg −1
respectively. PBL height was an important parameter impacting on the surface particle concentration and hence on the AOD/PM 2.5 ratio. During 6-10 January, the PBL height averaged 155.8 ± 73.7 m, compared to its values of 121.8 and 189.9 m on 11 and 14 January, respectively. The ±20 % difference of PBL height between the two fog days and the non-fog days probably couldn't explain the 1.5-4 folds difference of the 15 AOD/PM 2.5 ratios. By assuming that the extinction efficiency of PM 2.5 varied little in a short period, this big discrepancy of the AOD/PM 2.5 ratios between the non-fog days and fog episodes should be mainly caused by the hygroscopic growth factor, which determined the variability of aerosol extinction coefficient caused by the relative humidity. Since the hygroscopic growth factor generally increases exponentially with the 20 increase of relative humidity, the AOD/PM 2.5 ratios during fog events were expected to be much higher than those days with lower humidity. In addition, distinct difference of the Angstrom exponent between the fog days and non-fog days was also found. During 6-10 January (except 8 January, when it was influenced by a cold front and the mineral aerosol contributed 42 % to PM 2.5 mass, see Supplement Fig. S2a ), the Angstrom exponents stayed within 1.3-1.4, indicating the dominance of fine particles. However, during the fog days (e.g. 11, 12 and 14 January), the Angstrom exponents were all below 1.0 and this should be generally caused by a significant contribution of coarse particles. However, there were no dust events observed based on the meteorological conditions (e.g. high humidity and low wind speed) and the low concentrations of mineral elements (Fig. S2a) . Thus, a reasonable explanation of this phenomenon should be due to the effect of high humidity on the growth of particles. Fog was likely to dramatically increase the sizes of the particles due to the adsorption of water on the particle surface. Hence, the Angstrom exponents were found to be greatly reduced even fine 5 particles dominated. This was consistent with the results from Li et al. (2014) based on a ground-based CIMEL sun-sky radiometer in Beijing during a similar study period. The residue aerosol mode (peaked around 0.4-0.5 µm) evidently increased under the influences of clouds and fog with the peak size distribution shifting to larger sizes. A typical phenomenon of fine particle coagulation was observed with the increase of 10 volume size but with the decrease of particle numbers. Another study at various locations based on AERONET observation also showed the modification effect of fog and cloud on aerosol (Eck et al., 2012 
Chemical characterization of aerosols
The chemical speciation of aerosol further aided to reveal the characteristics of this severe haze pollution. Figure 5 shows the temporal variation of inorganic species in PM 2.5 and the mass ratios of the total water soluble inorganic ions (TWSII) in PM 2.5 . Generally,
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the temporal variation of TWSII resembled that of PM 2.5 concentration (Fig. 4b) . Except for those days impacted by cold fronts (1-3 and 8 January), the ratios of TWSII/PM 2.5 stayed at fairly stable values of (40.8 ± 2.0) %. One comparable study on measurement 7533
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | of non-refractory PM 1.0 species by using AMS calculated the sum of sulfate, nitrate, ammonium and chloride accounted for 50.2 % of PM 1.0 . It should be noted that aerosol species measured by AMS did not include refractory species such as Ca 2+ , Mg 2+ , Na + , etc. Also, measured smaller size (PM 1.0 ) than this study (PM 2.5 ). Thus, our results from the offline filter sampling were relatively ) were the three biggest contributors, accounting for about 80 % of the total ions. observed very similar size distribution of sulfate, nitrate, and ammonium, suggesting their similar gasto-particle processes. Different from the haze observed during autumn and spring in Beijing that the mass ratio of NO − 3 /SO 2− 4 was larger than 1.0 (Sun et al., 2013b) , the ratio of NO − 3 /SO 2− 4 was around 0.7 in this study, which was very close to a study of the similar study period (Wang et al., 2014a) . Enhanced coal consumption for heating should be mainly responsible for the relatively low value of this ratio. Cl (Wang et al., 2005) and that during early December 2004 (Sun et al., 2006 indicating fossil fuel combustions (e.g. coal combustion and traffic emissions) were the major sources of the severe air pollution in this study. The temporal variations of trace elements in PM 2.5 (Fig. S2 ) could further characterize the emission sources of pollution since they were mainly derived from primary emissions. Trace elements were categorized into two groups, i.e. mineral elements 25 ( Fig. S2a ) and pollution elements (Fig. S2b-d) . The two groups showed distinctly different temporal variations. The temporal variations of the mineral elements (i.e. Al, Ca, and Ti) varied quite inconsistently with that of PM 2.5 and inorganic ions. During the cold fronts as discussed above, mineral elements presented higher concentrations and the fraction of mineral aerosol in PM 2.5 reached (35.2 ± 14.2) %. While during the high pollution episodes, the mineral elements showed lower concentrations conversely with a much lower mineral fraction of (6.3±4.9) %. As for the pollution elements, their temporal variations showed similar patterns as that of PM 2.5 and inorganic ions. As shown in Fig. S2b , arsenic (As) presented a concurrent variation with S and both showed peaks 5 during the fog days. Since As and S were both good tracers for coal combustion, this corroborated that the severe pollution episode during the fog days was partly related to the enhanced coal combustion. Figure S2c and d show another two groups of pollution elements. Zn, Cu, and Cd could be regarded as the tracers for industrial emissions, and Ni, V, and Pb were mainly derived from the vehicle emission (Huang et al., 2012) .
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These elements also showed significant enhancement during the fog days. Thus, it was likely that enhanced industrial and traffic emissions also contributed to this severe pollution episode.
Impact of relative humidity on aerosol chemistry
According to the discussions above, relative humidity (RH) played an important role in At relatively low RH (e.g. less than 50 %), the increasing rates of these species were not so outstanding mainly due to that these species had not reached their deliquescence RH values. As RH increased, more prominent increases of aerosol species were evidently observed. At high RH, more amounts of pollutant precursors, such as SO 2 , NO x , and NH 3 could be adsorbed due 25 to the increased liquid water content. On the other hand, the aqueous-phase processing due to high RH could also accelerate the transformation of SO 2 and NO x to acids via the oxidation pathways, such as the H 2 O 2 /O 3 oxidation and metal catalysis (e.g. , and NH + 4 . Different from the secondary inorganic species, ions dominated by primary sources showed different behaviors. Although Na + also showed an increasing trend as RH increased, its increasing rate was much lower. As for Ca 2+ and Mg 2+ , almost no relationship between their concentrations and RH was found. Less 5 hygroscopicities of these ions should be responsible for this phenomenon. Table 1 quantitatively compares the aerosol chemistry under distinct meteorological conditions. We divided the whole study period into two periods, one from 4-9 January, hereinafter called "Period I", which included all the non-fog days by excluding the strong cold front days (1-3 January) to minimize the impact from long-range transport; 10 the other period covered from 10-15 January, hereinafter called "Period II", which contained all the fog days. The average values of major meteorological parameters and aerosol chemical species during these two defined periods were calculated and compared (Table 1) . For temperature and PBLH, no significant differences were observed between the two periods. Wind speed during Period II was lower, about 75 % of that emissions were released than NO x emissions due to coal combustion in winter heating; (2) on the other hand, SO 2 oxidation in aqueous phase was fast (Seinfeld and Pandis, 2006) . This was consistent with one study in the winter of Beijing that more sulfate was yielded than nitrate under high RH (Sun et al., 2013a) . K + showed a 4-folds increase from 0.81 ± 0.80 µg m also showed a significant increase of more than 3 folds during the fog days although it was a minor species. As the most abundant component in the water soluble organic aerosol, the formation of oxalate was mostly produced from the aqueous-phasereactions (Huang et al., 2006) . Although the total organic aerosol was not measured in this study, the strong dependence of oxalate on RH suggested that the secondary organic aerosol (SOA) also played an important role in the haze formation 
Impact of fog processing on the aerosol acidity
As shown in Table 1 , the ratio of NH + 4 in fog days vs. non-fog days was lower than that of SO 2− 4 and NO − 3 . Since these three ions were the major species determining the acidity of aerosol, the aerosol under the circumstances of fog occurrences would 10 become more acidic. Figure 7a plots the relationship between the equivalent concentrations (µeq m −3 ) of total anions and total cations grouped by the fog and non-fog days. Linear regression equations were fit for each group and the 1 : 1 dash line in Fig. 7a meant a neutralized ionic system without deficit or surplus of any hydrogen ions (H + ). During the non-fog days, most of the observation data distributed around 15 the 1 : 1 line. As the ionic concentrations increased, the scatters tended to lie above the 1 : 1 line, indicating more deficits of cations, i.e. H + . Overall, the regression slope during the non-fog days was 1.3, indicating the aerosol was moderately acidic. While in the fog days, a much more elevated regression slope was found with the value of 2.4 (Fig. 7a ), indicating considerable amounts of H + existing in aerosol. Very tight cor-20 relations (R > 0.99) were found for both fog days and non-fog days, indicating that the amount of H + increased with the ionic strength, or in others words, with enhanced emissions. Figure s3 shows the temporal variations of the calculated H + Aer concentration and the ratio of H + Aer in the total inorganic ions (definition described in Sect. 2.4). During the non-fog days (1-9 January), five days out of total nine days showed that aerosols were 56 and 0.52, respectively, indicating a strong lack of neutralization. Figure 8 shows the fractional contribution of free acids, NH 4 HSO 4 and TNAS in the total acids with focus on the fog days from 10-15 January. Free acids contributed the 5 most (> 40 %) to the total acids on 12 January, which was the most polluted day in this study (see Figs. 4 and 5) . Accordingly, the amount of completely neutralized acids contributed least of about 38 %. This was consistent with previous study in Pittsburg that higher SO 2− 4 events were generally less neutralized than those of lower concentrations (Zhang et al., 2007b) . As for January 10, 11, and 13, their concentrations of SO 2− 4 , 10 NO − 3 , and NH + 4 were in the similar level (Fig. 5) . Figure 8 shows that the fractional contributions of free acids, NH 4 HSO 4 , and TNAS on these three days were also in the similar level. Compared to the first four fog days, the contributions of free acids to the total acids were much lower of ∼ 20 % and 10 % on 14 and 15 January, respectively. 60-80 % of the acids were completely neutralized with a small portion of NH 4 HSO 4 (Fig. 5) should be the major cause for the lower acidities of aerosol. Figure 8 also shows the daily liquid water con-20 tent (LWC) and the particle in situ pH value (pH is ) simulated by the E-AIM model. LWC is a parameter dependent on relative humidity and the mass of water soluble aerosol (Xue et al., 2011) . LWC reached the highest of 22.75 µmol m −3 on 12 January. That's because, on one hand, RH reached the highest of 83.1 % during the whole study; On the other hand, water soluble ions also reached the highest concentration. 10, 11, and 25 13 January were the days when the concentrations of water soluble ions were similar as discussed above. Higher LWC on 13 January was attributed to its higher RH of about 80 % compared to the other two days. LWC showed the lowest values on 14 and 15 January. Although RH was still high around 80 %, the relatively low concentrations of the water soluble ions on these two days were the major cause of the lower LWC associated with the particles. The daily variation of pH is did not coincide with either the total concentrations of water soluble ions or the fractional contribution of free acids in the total acids. pH is was the result of the combined effects of LWC and the magnitudes 5 of free acids. As shown in Figs. S3 and 8, H + Aer and the contribution of free acids in the total acids were both the highest on 12 January. However, its pH is was only moderate. This could be explained by the strong dilution effect resulting from the high LWC. pH is showed the lowest values on the first two fog days. Although their free acids were only 40 % of that on 12 January, LWCs were even lower of about 30 %. Thus, the more sig-10 nificant reduction of LWC than the concentration of free acids resulted in even lower values of pH is . The last two fog days (14-15 January) showed the highest pH is values. Relatively low H + Aq concentrations were the major cause. Overall, the pH is values during this severe pollution episode ranged from −0.78 to 0.14. It was within the ranges from previous studies in Beijing, Shanghai, Lanzhou (Pathak et al., 2009) , and Hong
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Kong (Xue et al., 2011) . However, the average concentration of in-situ aerosol acidity H + Aq reached 369 ± 296 µmol m −3
, about 1.6 times of a rural mountainous site in Beijing during summer with humid and cloudy weather (Pathak et al., 2009) , 12 times of another site in Beijing during spring (He et al., 2012) , 4 times of Shanghai and Hong Kong (Pathak et al., 2009; Xue et al., 2011) , and 15 times of Guangzhou (Pathak et al., 2009 ).
20
The extremely high acidity in aerosol during this study should be due to that, enhanced anthropogenic emissions during the winter heating season yielded significant amounts of acid precursors such as SO 2 and NO x . Under the fog processing, a considerable fraction of these precursors was transformed to strong acids in aerosol as found in this study. However, at the same time, the NH 3 emission was not enough for neutralizing all 25 the acids. As illustrated by Wang et al. (2011) , most areas of the North China Plain were in the NH 3 -poor regime during winter. Since agriculture activities dominated the NH the acid-catalyzed particle-phase reactions but also may cause adverse impacts on ecosystem through wet deposition. Two model simulation studies both showed significant underestimation of particle mass concentrations during this fog episode. Using the WRF/NAQPMS modeling system (Wang et al., 2014b) , PM 2.5 concentrations were significantly biased low in Shijiazhuang (∼ 260 km southwest to Beijing) and Beijing 5 during 10-13 January. Coarse model resolution, emission uncertainties, and the twoway feedback effect were ascribed to this model under-prediction. Another modeling study using the MM5/CMAQ system also found similar problems that the modeled sulfate and nitrate concentrations were far less than the observations during 11-15 January. Based on this study, we assume the possible causes of model 10 under-prediction as follows: (1) the physical process of fog formation was not explicitly represented in the meteorology model (2) aqueous-phase reaction of secondary inorganic aerosol formation in the chemical transport model was not treated well in the fog events due to possible reasons such as uptake coefficient of gas precursors, reaction rates and etc. This study provides observational evidence of the importance of 15 fog processing on the formation of haze in China and also constrains for future model simulations.
Conclusions
Starting from January 2013, China released its PM 2.5 data of major cities in China at the very first time. However, a large-scale haze occurred right after this act. Northern 4 HSO 4 and the total neutralized ammonium salts (TNAS) in the total acids during the fog days from 10-15 January. Lines represent the liquid water content (LWC) and the in situ pH value in aerosol (pH is ) simulated by the E-AIM model.
